Background. Toll-like receptor (TLR) 2 is the principal recognition receptor for gram-positive microbes. However, in some gram-positive bacterial infections, TLR2 is dispensable. One of the outstanding questions regarding host-bacteria interactions is why TLR2 is essential in some infections but dispensable in others.
Understanding the contribution of receptors, their ligands, and the accessory molecules involved in innate recognition of bacteria is essential in the context of developing potential therapeutic interventions for severe bacterial infections [1, 2] . The identification of Toll-like receptors (TLRs) as pattern recognition receptors (PRRs) recognizing pathogen-associated molecular patterns was a major step forward in improving our understanding of how microorganisms-in particular, bacteriaare sensed by the immune system. To date, 13 TLRs have been identified in the mouse [3] . Of these, TLR2 and TLR4 are the best characterized. TLR4 recognizes lipopolysaccharide of gram-negative bacteria, whereas TLR2, by forming heterodimers with either TLR1 or TLR6, binds to a broad range of ligands, such as bacterial lipopeptides, zymosan from yeast, or lipoteichoic acid from gram-positive bacteria.
Most studies addressing the role of TLR2 in the recognition of gram-positive bacteria have largely been performed using purified bacterial components rather than whole microorganisms [4] . Although these reductionistic approaches have enabled elucidation of TLR2 responses to their specific ligands, how host cells respond to whole bacteria, which contain several TLR and non-TLR activators, is largely unknown. Furthermore, how bacteria are detected in the complex multicellular and multireceptor environment in vivo is even less clear.
In addition to activating PRRs, pathogenic bacteria synthesize virulence factors, which trigger various inflammatory host responses [5, 6] . For instance, cholesteroldependent cytolysins (CDCs) are a large family of conserved pore-forming toxins produced by several gram-positive bacteria, such as Listeria monocytogenes, Streptococcus pyrogenes, Streptococcus pneumoniae, Clostridium perfringens, and Bacillus anthracis. These toxins, which include listeriolysin O (LLO), perfringolysin O, pneumolysin, and streptolysin O, trigger a broad range of cellular responses [5] . Although evidence exists that these toxins play a role in pathogenesis [7] [8] [9] , the most compelling evidence for direct involvement has been established for the role of LLO in listeriosis [10 -12] . The ability of these toxins to trigger cellular activation has been ascribed to a number of mechanisms, including lipid raft aggregation and calcium signaling [13] [14] [15] . In addition, recent studies have reported that CDCs are TLR4 agonists [16 -18] . Evidence for the latter claim was largely based on in vitro experiments performed using purified toxins [17] . Whether, in in vivo settings, TLR4-dependent signaling is indeed significant in the context of whole gram-positive bacterial recognition is not yet clear. In the present study, we used L. monocytogenes as a model grampositive pathogen by which to assess the relative in vitro and in vivo contributions of TLR2 and TLR4 in inflammatory host responses induced by whole L. monocytogenes organisms. We also investigated the extent to which signaling by LLO contributes to such inflammatory responses, as well as its mechanisms.
The results of the present study show that TLR2 is dispensable for neutrophil mobilization and listerial clearance in vivo. By challenging mice with purified LLO or with the LLO-deficient mutant of L. monocytogenes (Lm⌬hly), we demonstrate that the unaltered inflammatory responses noted in TLR2 Ϫ/Ϫ mice after L. monocytogenes infection are due to responses triggered by LLO. These responses are not due to activation of TLR4, a putative receptor for CDCs, but, rather, are due to activation of interleukin (IL)-1␤ and IL-18-MyD88 pathways. Consequently, IL-1␤ Ϫ/Ϫ , IL-18
, and MyD88 Ϫ/Ϫ mice are impaired in terms of their L. monocytogenes-and LLO-induced neutrophil responses. Thus, under normal conditions, multiple and, sometimes, redundant pathways cooperate to induce a rapid antimicrobial defense. The ability to trigger multiple and, even, . At 2 and 48 h later, mice were killed, and the bacterial burden in the peritoneal cavity (PEC), spleen, and liver was determined. A-F, The log no. of colony-forming units of L. monocytogenes and Lm⌬hly in the indicated organs. A total of 4 mice per group were studied. There was no statistical difference between the WT and TLR2 Ϫ/Ϫ mice. Identical results were obtained from 2 independent experiments. ND, not detected.
redundant pathways ensures that a defect in one pathwaynamely, TLR2, IL-1␤, or IL-18 -does not spell doom to the host. Combinatorial recognition of virulence factors and pathogen-associated molecular patterns may highlight one of the "safety nets" in the innate immune system, which ensure that pathogens, such as L. monocytogenes, that are bent on escaping the host defenses do not go undetected. [15, 19] . Wild-type L. monocytogenes strain EGD-e or its isogenic ⌬hly mutant (Lm⌬hly) were used [20] . All animal experiments were performed according to the guidelines and with the approval of the Landesamt für Verbraucherschutz und Lebensmittelsicherheit. Antibodies and reagents. CD11b-PE (eBioscience) and anti-Gr1-FITC (clone RB6 -8C5) were purified from hybridoma supernatants in our laboratory and were conjugated using standard procedures. LLO was purified from overexpressing Listeria innocua [21] . Recombinant mouse IL-1␤ (for use as a reference standard), unlabeled anti-IL-1␤ (B122) antibodies, and biotinylated anti-IL-1␤ were purchased from BioSource International. Streptavidin-horseradish peroxidase was purchased from BD Pharmingen.
METHODS

Animals
Cytokine assays. After intraperitoneal inoculation 1 ϫ 10 5 cfu of L. monocytogenes, 1 ϫ 10 5 cfu of Lm⌬hly, or 0.5 g of LLO, mice were killed, peritoneal cavities (PECs) were each flashed with 1 mL of tissue culture medium, and the washouts underwent centrifugation. Cell pellets were stained with antiGr1 antibodies and anti-CD11b antibodies and were analyzed by flow cytometry. Supernatants obtained from peritoneal washouts or cultured BMMCs stimulated with L. monocytogenes (MOI, 20) , Lm⌬hly (MOI, 20), or LLO (0.25 g/mL) were analyzed for secreted cytokines. Tumor necrosis factor (TNF)-␣ activity was measured in a bioassay, as described elsewhere [19] . Secreted IL-1␤ was measured by sandwich ELISA performed with anti-IL-1␤ (B122) and IL-1␤ biotin antibodies for capture and detection, respectively.
Reverse-transcription polymerase chain reaction (RT-PCR) analysis. mRNA was isolated from BMMCs by use of the RNeasy Mini Kit (Qiagen) and was reverse transcribed into cDNA by use of the SuperScript II RNase H-Reverse Transcriptase Kit (Invitrogen). PCRs were performed using the following primers: TNF-␣ (TCT-CATCAGTTCTATGGCCC and GGGAGTAGACAAGGTACA), macrophage inflammatory protein (MIP)-1␣ (CTGCCCTTGCT-GTTCTTCTCTGTA and GATCTGCCGGTTTCTCTTAGTCA), monocyte chemoattractant protein-1 (GCCCCACTC ACCTG CTGCTA and TTTACGGGTCAACTTCACATTCAA), IL-1␤ (TTG ACGGACCCCAAAAGATG and AGA AGG TGC TCA TGT CCT CA), and the housekeeping ribosomal protein 9 (RPS9) gene (CTGGACGAGGGCAAGATGAAGC and TGACGTTG-GCGG ATGAGCACA). Amplification conditions were as follows: denaturation at 94°C for 1 min, followed by 27 cycles (or, for RPS9 and TNF-␣, 32 cycles) of denaturation at 94°C for 20 s, annealing at 58°C for 20 s, and extension at 72°C for 20 s. PCR products were analyzed on a 2 % agarose gel.
RESULTS
TLR2 deficiency and a lack of impairment of L. monocytogenes clearance. Activation of TLR2 is considered to be the most important mechanism via which gram-positive bacteria elicit host responses. However, it is clear that other mechanisms of host cell activation exist [17, 18, [22] [23] [24] [25] [26] [27] . Bacterial virulence factors form an important class of host cell activators. For L. monocytogenes, LLO is considered to be the most important factor. This pore-forming toxin triggers a plethora of host responses via multiple mechanisms. To understand the role of TLRs and the extent to which LLO contributes to responses induced by whole bacteria, wild-type and TLR2 Ϫ/Ϫ mice were infected intraperitoneally with L. monocytogenes or the LLOdeficient mutant Lm⌬hly and were analyzed for bacterial clearance. As shown in figure 1 , the bacterial burden in the peritoneal cavities, spleens, and livers of wild-type and TLR2 Ϫ/Ϫ mice was similar, indicating that TLR2 has a redundant role in the development of protective immune responses during L. monocytogenes infection. Wild-type and TLR2 Ϫ/Ϫ mice had an equivalent survival rate, with 50% of such mice dying by day 5 after infection; the rest of the mice recovered (data not shown). As expected, the Lm⌬hly strain had limited in vivo survival (figure 1D-F) . Therefore, in the subsequent series of experiments, the Lm⌬hly strain was included only when antilisterial host responses were characterized during the first 3 h after infection. At that time, the burden of L. monocytogenes and Lm⌬hly is still identical in vivo.
Induction of neutrophil recruitment by L. monocytogenes via 2 independent mechanisms: TLR2 and LLO-mediated signals. In a previous study, Gekara and Weiss [19] showed that, after intraperitoneal administration, L. monocytogenes induces a rapid influx of neutrophils that helps to quickly clear the bacterial inocculum. Thus, to understand the apparent redundancy of TLR2 in listerial clearance, we investigated the host and bacterial factors that play a role in this response. L. monocytogenes and Lm⌬hly were found to induce rapid mobilization of neutrophils into the PECs of wild-type mice, peaking at 2-3 h after infection and then gradually decreasing to near the basal level by 48 -60 h after infection (figure 2) (data not shown). On the other hand, TLR2 Ϫ/Ϫ mice exhibited strong and rapid neutrophil mobilization when challenged with wild-type L. monocytogenes but not Lm⌬hly (figure 2). At a later time point (at 24 h), some influx of neutrophils could be detected in TLR2
Ϫ/Ϫ mice challenged with Lm⌬hly, albeit at levels much lower than those found in wild-type mice (data not shown Induction of neutrophil recruitment by L. monocytogenes via MyD88-dependent and -independent pathways. MyD88 is an important adaptor molecule for members of the TLR/ IL-1R family. Mice deficient in this molecule have been shown to be highly susceptible to several bacterial infections [22, 24, 28] . To further characterize the mechanisms of neutrophil recruitment during L. monocytogenes infection, the role of MyD88 was investigated. L. monocytogenes elicited a strong but partial influx of neutrophils into the PECs of MyD88 -/-mice (figure 4). In contrast, hardly any neutrophils were detected in the peritoneum of MyD88 -/-mice inoculated with Lm⌬hly, suggesting that the TLR2-MyD88 pathway plays an important role in intraperitoneal neutrophil recruitment. However, in the absence of this pathway, L. monocytogenes can still trigger such a response via LLO-dependent mechanisms.
Induction of neutrophil recruitment by LLO via an MyD88 pathway. Next, we used purified LLO to assess neutrophil recruitment and its mechanism. To that end, LLO (0.5 g) was administered intraperitoneally into wild-type, TLR2 -/-, TLR4 -/-, and MyD88 -/-mice, and, 3 h later, PECs were analyzed for neutrophil influx. Strong recruitment of neutrophils could be shown to be induced by LLO ( figure 5 ). Importantly, neutrophil recruitment was similar in wild-type, TLR2 -/-, and TLR4 -/-mice but was severely impaired in MyD88 -/-mice (figure 5), indicating that LLO-induced recruitment of neutrophils into PECs is strongly dependent on MyD88. This was not caused by potential TLR2 contaminants, nor was it the result of activation of TLR4, a putative receptor for LLO [16, 17] .
Dispensability of TLR2, TLR4, and MyD88 for cytokine/ chemokine induction by LLO and L. monocytogenes but not for induction by Lm⌬hly. To investigate the different mechanisms of host cell activation by L. monocytogenes, we focused on mast cells. Mast cells are crucial for neutrophil recruitment in the peritonitis model of L. monocytogenes infection [19] . Because Figure 4 . Induction of neutrophil recruitment by Listeria monocytogenes via MyD88-dependent and -independent pathways. Wild-type (WT) and MyD88 Ϫ/Ϫ mice were infected intraperitoneally with 1 ϫ 10 5 cfu of L. monocytogenes or L. monocytogenes ⌬hly (Lm⌬hly). At 3 h after infection, the peritoneal cavities (PECs) were analyzed by flow cytometry to determine neutrophil content. The figure shows the number of neutrophils in the PECs of groups of 4 mice each. Similar results were obtained from 3 independent experiments. *P ϭ .0039; **P ϭ .0015. they do not internalize L. monocytogenes, they are not amenable to the TLR-independent pathways induced by cytosolic L. monocytogenes [19] . For these reasons, we considered mast cells to be a more suitable cell type for in vitro analysis of TLR-dependent responses. Mast cells are endowed with prestored inflammatory mediators ready for secretion. In addition, they can freshly synthesize such mediators in response to pathogen stimulation [29] . BMMCs obtained from wild-type, TLR2 Ϫ/Ϫ , TLR4 
(data not shown). This is in contrast to
Lm⌬hly, which induced such cytokines in BMMCs from wild-type and TLR4 Ϫ/Ϫ mice but not in BMMCs from TLR2 Ϫ/Ϫ or MyD88 Ϫ/Ϫ mice (figure 6A) (data not shown).
We confirmed these results by testing for secreted cytokines. , and MyD88 Ϫ/Ϫ mice were injected intraperitoneally with 0.5 g of LLO. After 3 h, each mouse was killed, and each peritoneal cavity (PEC) was analyzed by flow cytometry to determine neutrophil content. A, Dot blot analysis and percentages of neutrophils in the PECs of representative animals. B, The total no. of neutrophils per peritoneum, as calculated for 5 mice per group. Similar results were obtained from 2 independent experiments. *P ϭ .007.
MyD88
Ϫ/Ϫ mice challenged with LLO were analyzed for cytokine secretion ( figure 3) . In spite of a normal cytokine response, LLOinduced neutrophil mobilization was still impaired in MyD88 mice, whereas Lm⌬hly elicited no response at all ( figure 3A) . On the other hand, LLO triggered a comparable IL-1␤ response in MyD88 Ϫ/Ϫ and wild-type mice ( figure 3A) . The TNF-␣ response in such mice was also analyzed. Except for IL-1␤ Ϫ/Ϫ mice, which exhibited normal TNF-␣ production, the overall pattern was similar to that of the IL-1␤ response observed in the other groups of mice (data not shown).
On further analysis, IL-1␤ Ϫ/Ϫ , IL-18
, and MyD88 Ϫ/Ϫ mice were found to be significantly impaired with regard to recruitment of their neutrophils in response to L. monocytogenes, Lm⌬hly, and LLO ( figure 3B-D) . The impaired neutrophil response was more profound in MyD88 Ϫ/Ϫ mice relative to IL-1␤ Ϫ/Ϫ or IL-18 Ϫ/Ϫ mice ( figure 3B-D) . Together, these results show that IL-1␤ and IL-18 are required for optimal recruitment of neutrophils to the peritoneum during L. monocytogenes infection and that L. monocytogenes is able to induce these cytokines via at least 2 independent mechanisms-namely, via TLR2 activation and LLO-mediated signals. Hence, the profound defect in neutrophil response observed in MyD88 Ϫ/Ϫ mice after L. monocytogenes infection can be attributed to the absence of both TLR2 and IL-1␤/IL-18 signaling pathways.
DISCUSSION
The discovery of TLRs markedly increased our understanding of how the innate immune system recognizes and triggers response toward microbes [3] . Although TLR2 has been designated the major receptor for gram-positive bacteria, several studies indicate that TLR2 might be dispensable or of marginal importance in the recognition of whole gram-positive organisms, such as S. pneumoniae, Staphylococcus aureus, and L. monocytogenes [22-25, 27, 31-35] . In addition to TLRs, pathogenic bacteria can influence host responses by synthesizing virulence factors that target various cellular functions. In the present report, we used L. monocytogenes as model gram-positive bacteria, to evaluate the mechanisms and extent to which its major virulence factor, LLO (a prototype CDC) contributes to inflammatory responses (figure 7). We mainly focused on neutrophil mobilization, a response that is not only crucial to bacterial clearance but can also cause [19, 15, 37] . Likewise, efflux of K ϩ via the LLO pores activates caspase-1 inflammasome required for interleukin (IL)-1␤ and IL-18 maturation [36, 38] . Combinatorial recognition of listerial PAMPs and virulence factors activates multiple and, sometimes, redundant pathways, to induce a rapid antimicrobial defense. When one signaling pathway-in this case, TLR2-is removed from the system, other pathways activated by LLO and remaining PAMPs can still elicit sufficient inflammatory response to ensure survival of the host. Concomitantly, simultaneous impairment of multiple pathways, such as that which has been noted in association with MyD88 deficiency, turns deadly to the host.
tissue destruction during infection. Using knockout mice, we showed that TLR2 is dispensable for generation of protective antilisterial host defenses and that TLR2 deficiency does not impair early inflammatory responses, such as cytokine production and neutrophil recruitment. Our data suggest that TLR2 redundancy in antilisterial host responses was partly due to signals triggered by LLO. This conclusion is mainly based on the fact that, although L. monocytogenes and purified LLO could induce cytokines/chemokines and neutrophil mobilization independent of TLR2, the LLO-deficient mutant Lm⌬hly could not. Using TLR4 Ϫ/Ϫ , IL-1␤ Neutrophil mobilization is implicated in various pathophysiologic processes and can be either protective, as in host defence, or deleterious, as in autoimmunity or toxic shock. The host and bacterial factors contributing to these inflammatory processes are not very well characterized. Recently, in a septic model of L. monocytogenes-induced peritonitis, TNF-␣ was identified as one of the crucial players in the initiation of neutrophil response [19] . The present study indicates that IL-1␤ and IL-18 also play a role. This finding is not trivial. Except for a recent study associating IL-1␤ with neutrophil recruitment induced by S. aureus [24] , to our knowledge, the role of these cytokines in neutrophil responses during bacterial infections is largely unexplored. This is particularly true for IL-18, a cytokine largely associated with T helper 1 development and NK cell responses [40] .
Tightly controlled TLR signaling is required for the host to respond to microbial challenge. Impaired TLR signaling can lead to susceptibility to infection, whereas excessive signaling can lead to septic shock and, possibly, to autoimmune diseases and allergies. Indeed, invasive infection with bacteria often results in septic shock and death. It is estimated that Ͼ1400 people die of sepsis each day worldwide. Thus, understanding the innate mechanisms in cellular host-bacterial interactions is essential for therapeutic interventions for inflammatory diseases caused by severe bacterial infections. In this regard, manipulation of TLR2 and TLR4 with the use of antagonists has proven great therapeutic potential for the treatment of sepsis and other bacteriainduced inflammatory diseases, such as arthritis and inflammatory bowel disease [41] [42] [43] [44] [45] .
In view of the present study, it is anticipated that CDCs and other toxins do play a significant role in inflammatory diseases caused by the respective bacteria. Thus, any effective therapeutic intervention must also take into account the contribution of such toxins.
It would be reasonable that, in the battle for survival, the more mechanisms by which the host can identify bacteria as foreign, the greater the likelihood of successful eradication. Pathogen recognition by PRRs, such as TLRs, is based on conserved molecular patterns found in microorganisms. Bacterial protein toxins, however, might compose an intermediate class. It is unlikely that cells respond to them via specific molecular recognition. Instead, different classes of toxins mostly trigger cellular changes via disturbances in membrane components or changes in cellular ion composition resulting from cell membrane perforation. Different cell types express varying combinations of TLRs [46] . Thus, unlike TLRs, whose expression and, therefore, action is cell-type dependent, bacterial toxins, such as CDCs, target "universal" host cell functions. Hence, they are able to trigger host responses in virtually all cell types. Therefore, depending on the particulars of infections (e.g., the pathogen in question and the site of infection), bacterial toxins might hold more relevance than PRRs in host-bacteria interaction.
